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Chapter 16 Ephemeris and Clock Navigation Message Accuracy

J. l;. 7,LIilll]crgc.:iI)cl W. 1. lkr{igcr

1 n this chapter wc djscuss the accuracy of tk cphcmcris :md c]ock corrccl  ions containd  jn
the CiJ’S nzivigatjon  message.. Wc. firs[ pmvidc.  a brie.f dcscriptjm of’ how IIIC [hntrol
Scg]ncnt  gcncratcs these quantities. Next, wc com})arc.  tllc]]l with rcsu]ts  from prccisc (IIOII-
rc:il-time) solutions of satcl]itc  paramc[c.rs dcrjvcd  from the sjml]ltancous  analysis of d:ita
from a glcll>:illy-(ljstril>  l]tc{l  nctwd of’ til’S mccivcrs. l;jnal]y,  wc cast these accuracies into
the form of a LIscr  cquiv:ilcnt  range error.

1. Control Segment Generation of Predicteci  Ephemerides and Clock
Corrections

Onc of the primary purposes of the Glltro]  Scgmc.nt (~haptcr  1 ()) is to gcncr:ttc  prcclictcd
s:[lcllitc cphcmcrjclcs  and clock corrections, which arc rcgular]y  uploaded to the satc]litcs.
‘]’hc prcdictims  arc then included as part of the 50-bps 1 500-bit navigation message (Claptcr
4) that modultitcs  lhc transmitted G})S signs]. Gtwu IId rcccivcrs then  LISC the predictions for
rcdl-time estimates of satc]litc  ccmrdjnatcs and clock corrections,

IJ:lto usc.(1 for tbc predictions arc acqtljrcd fro]]] rcccjvcrs  situated at prccisc]y  known
locations in I Iawaii,  <hlorado,  Ascension lsl:it~(i  in the Atlantic OccaII,  Ilicgo Garcia in the
northern lndian  Occm,  and Kwajalcin in the western ]%cif]c. “J’hc distribution in longitude
of the.sc sites (’1’nblc 1 ) is rcdsc;nab]y  uniform, allowing continuous tracking of all GI’S
spacccrilft.  ‘1’lIc sites at Ascension, l)jcgo  Garci:t, aIId Kwaialcin arc capab]c  of trans]]]itting
compu[cd  navigation message upd:i{cs  to the satellites. Rcccivcrs at all stations usc ccsium
oscj]lators  for tjmc stabili ty, ~Ild 111 C:l SLll”C  (]ll:ll-fl’C(]LI Cl)Cy  J)]l:ISC ~Ild ]> SC Ll(10J”2111~C.

Mctcorologial  data arc 21cqLlirc(l  at Cach station and LISCd to aid in c.stimation  of t]qm])hcrc
(Iclay.  All dala arc rcgular]y  transmitted to the Master Gntro] St:ition in Glorado  Sprjngs.

; Mas(ct  CoIIIIol  S[iition
“;(’:lll Iransmit  10 GI’S salc]lilcs

OIIIY (]1C ]’-C()(1C  ]) SClldO1’Wl~C  lllLXISlllClllClltS  :il’C llSCd :tS d:lt~  i l l  t]lC ]) W:llllCtCl” CS[ill12ttiOll
schc.mc, which is based on a K:ilma II filter. lk[imatcd  sa[c]litc parameters jncluc]c  epoch-state
pmjlion  :md vclocjty, solar radiat ion pressure cocfl’icicnts, clock  bjas, drift, ancl (Irift rate.
S t a t i o n  pwamctcrs  jnlcudc similm clock  q[lantitics and troposhcric  clc]ay. The tcncs[rial
c o o r d i n a t e  syslcm and Sravity field arc WGS84. ‘1’hc rcfcrcncc  Iimc is atl :ivcragc  of
lnol]i[or station  cl[)CkS  and a sllbsct Of (il)S ClOCks.

1):11:1  going  hack four weeks tire nominal 1 y LIsc(i to cst imatc satellite paramclcrs,  which arc
then used to predict sate.llitc positions and clock  corrections into the future. ‘1’hc firs[ 28
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hours  ofprcdiction  arc divided inlo overlapping 4-llour intervals separated by one hour.
‘1’hc predictions for each such interval are cast in the formal of tbc navigation message
( t h r o u g h  ii fil[ing  pmcdurc).  and arc uploaded  into the stilcllilcs once a day, more
frcc]ucnt]y  ifrcquircd  to meet a IO-meter (Iscl-c(]lliv:llclll  range error specification. ‘1’hc
daily upload  is basc(l(lll a(lat:twill{low wllicll cl(~sc(i45111illtltcs]>  ri(~r tothc upload.

Given the daily upload, the satellite broadcasts satcllilc positions and clock corrections
containd  in the appropriate 4-lK)L~r  interval. Although prc.dictims bcyontl  28 IKmrs arc also
uploaded, they arc normal]y not be used,  as the next d:ty’s  upload  overwr i tes  them with
ICSUIIS  (lcrivcd  from more  current data.

?. Accuracy of the Navigation Message

It is the goal of this scc[ion  to assess the accuracy of the information broadcast in the
navigalio]l  message. ‘1’hc “truth cases” to which the navigation messages will bc.compared
are d:li]y ~;]]s so]u[ions,  froJll [he Jet ]>ropu]sion  ],aboratory  (l]>].), of satc]]itc positions :ind
clock corrcclicms.  l~ist  wc describe the daily .ll)l, solutions, including estimates of [heir
accuracic.s.  Next, base.ci on the pcrimi 19°3 JL]I 04 - Oct 22, we compare. thc,sc. ciaily  solutions
wi[h their counterparts from lhc navig:ition  mcssa~c.

2.1 .Global  Network GPS. An.alyis  at the Jet Propulsion Laboratory

Since 1992 .lunc, tina]ysts  al J])]. htivc rcg,ular]y  uxiucc(i  G1’S (iata f r o m  a  globally-
dis[ributcd  network of 20-40 precisiotl P-cmic. GPS rcccivcrs. Shown i n  IJigure 1 are
locations of the sites as of l~all 1993. in a(iciition  to {ic.nsc.  covcragc,  in North America an(i
liNropc,  them is also rcasonab]c covcragc clscwhcrc, inclu(iing  eight sites in the Southern
lmmisphcrc..

]< CCCi VC1’S  at thCSC SiiCS Il12ikC  lllC~SUJ”C1llCl)t  S O f  thC Cal”ljC1’ @12tSC 2111(i  ]3SCll(iOl”all~C
obsc.rvab]c.s  on both the 1.1 an(i 1.2 bands from G1>S satellites, at a 30-sccon(i  (iata jntcrva].
l)ala  me malyz,cci  (iai]y in 3O-11OUI b a t c h e s ,  ccntcrc(i  011 GJ’S noon. ‘1’hc six-hour overlap
ccntcrcxi  at each GI)S mi(inight  allows for consistency checks bctwccn solutions from
d(ljaccmt days.  Prior to p~irlmctc.r  c.stimation, dala are edited  using  the Turbo]  klit alogrithm
(Illcwitt, 1990) :illd(iccilll:ltc(i  toii 10-l]litllltcii]tclf:il.

‘1’ilc  mmicl useci inthc  :tllalysis  correctsf{ ~rioll(~s]}llcric  (iclay (through thcformation  ofthc
iol]os]>l)clc-flee ]incar combination of ]Jhasc an(i pscu(iorange obscrvab]cs),  tropospheric
(icldy  (by stochastic estimation of the wd com]mncmt at each rcccivcr site), transmitter and
rcccivcr phase center offsets, c.arlh  orientation (through c.xplieit estimation of ]mlc position
an(i lcnglh  of ciay), soli(i earth ticics, an(i rc.lativislic  effects. ‘1’ranmittcr  and receiver clock
corrections are cstimatd  as jndcpcn(icl]t  parameters at each sample lime. ‘I”hc rcfcrcnce
clock js a hy(irogcn  maser cirjving one of the rcccjvcrs. Satellite paramctc.rs inc.lmic.  cpoch-
statc position ad velocity, and solar ra(iialion prc.ssure; the latter is cstimatc[i  stochasticdly.
‘1’hc.  earth-fixe(i rcfcrcnec  frame is dcfincxi by a(iopting  fixed locations for eight  of the
rcccivcrs as spccific{i in the lntcmationa] ‘1’crrc.stria] Reference }Jramc, I’I’R1;91 (130uchcr er
al., 1992;  IIlcwitl c1 al. 1992). ‘1’hc carrier phase biases are estimated as ]Jicccw’isc-c{)l]st:ltlt
real-valllc(i paralllctct’s.

2.2 Accu-racy  d the.pr~ms.e  Soiutiom

Ot)c assessment of orbit quality from the precise solutions can bc macic  by looking :it the
continuity of results from a(ijacc.nt  days. I;OJ cxam]dc, the solutiol]  for Octobc.r  7 uses (iata
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from 21:00 110111s 011  October 6 through 03:00 110111’s 011 Octobcl’  8. similarly, the Sollltion
for octobcr 6 uscs data from 21:00 hours on Oc[obcr 5 through 03:00 hours on October 7.
‘1’hc diffc.rcncc  bctwccn these solutions in the position of prn I 2 withia i3 hours of mi(lnight
bdwccn  ociobcr 6 atld 7 is shown in I~igLlrc  2. ‘lIIc Ims variation over the 6-} IOLII  period is

12 cm, 22 cm, and 25 cm for the Iadial,  cross-track, and along-track components,
rcspcc[ivc] y,

A numbcJ”  of other groups  estimate sate.]]itc paramctcl”s  from the same data, using
indcpcndcnt software, thus allowing a separate assessment of orbit qLdity.  Shown  in l;iSLlrc
3 is the comparison of J])] ,’s orbit solution for prn 12 on 1993 October 7 with that
dctcrmincd by Ihc (;cntcr  for orbit ]]ctcrminat  ion in ] iLlropc ((;[)])}i) at the lJnivcrsit  y of
IIcrnc, Switzerland. “1’hc. vcr[ica]  scale is the same as that in lJigLlrc  2. ‘1’hc rc)ot-]]lc:ttl-s(]LIziIc
diffcrcncc over the day bctwccn the sol Lltions is 7 cm for the dial component, 5 cm for the
cross track, and 9 CIM fo]” the along track. l;OI other (lays and satc]litcs, this agrccme.rlt is
gcncral]y within 2,() cm for all components. ~k)mparjsons  wjth rcsLllts from other analysis
ccntcrs show comparab]c agrccmcnt. ‘1’0 summatjy,c,  the prccisc orbit solutions are. typically
accurate to 5-30 cm ms, dcpcn(ting  on the. component and other factors.

A comparison similar to that shown  in l~jgLlrc  2 is shown for a transmitter clock in J+’igLlre  4.
l’]ottc(i  there is the diffcrc.ncc  bc(wccn  tllc [)ct 6 and C)ct 7 sol Lltion for the pm13 clock.  ‘1’hc
rms diffcamcc  over the 6-hoLIr  pcxjo(i  is ().22 nscc, of which a portion is dLm 10 a O. 1 8-nscc
bias. ‘1’his fcw-tenths-nscc ms diffc.mncc  js typjcal  for other satellites and days,

‘1’hc rcfcrcncc for the prccjsc. c]ock so] Lltions is the maser-based rcccivcr at A]gonqLlin  }’ark,
Ginda,  maintained by the Gcoddic Survey l)ivision  of Canada’s l)cpar(nmnl  of lhcrgy,
M i n e s  and ]<csoLlrccs.  ‘1’his clock is a(l~Llstc(i pcrjodjcd]]y,  and is bclicvcd accLlratc  wjth
respect to G]% time to wjthin  a fcw hLI]Idrcd nscc, with drift n~agnitudcs  of J]O more. than a
fcw lens of nscc pa day. Of course, biases and drifts in the rcfcrcnec clock will bc masked
in a comparison 1 ikc 1 ‘igLlrc 4, bLlt woLdd appear in a comp;irison  bc.t wccn the navigation
]mssa~c and Ihc precise soluliol}s.

2.3 Cornpa.ri.mr..of  P r e c i s e  Ocbi!s_witA_Bro~dcast..Eph_ernerides

Sh{)wn it) l~igurc 5 is the posilion difference bctwccn [he J]’]. prccisc  sol Lltion and the
broadcast orbit for prn 12 on 1993 October 7. ‘1’hc interval bctwccn Ll]xiatcd  navigation
messages is typjca]]y  onc hoLlr’. ‘1’hc satellite and day are the same as jn l;igLlrcs  2 and 3,
althoLlgh  the vcr[ical  scale is 10X larger. ‘]’hC 1“111S Va]LIC.S  OVCI° thC day alC 0 . 5 6  ]11 fO~ thC
radial component, 1,67 m for the CIOSS track, and 2,67 m for the along  track.

Similar calculations have been made for all satcl]itcs  and days over the pcriocl  1993 JL]ly 1
through 1993 octobcr 2.2 (a total of 2490 sate.]litc days), IW the given satellite and day, the
rms diffcrcncc  over the day bc.twccn  the broadcast cphcmcrjs  and the prccisc solution is
COlll]MltCd,  fOl” C:{Ch Of thC thl’CC CC)lll]X)llCllt  S. “1’hC I’C.SLI][S al”C SLlllllll:ll’i?,Cd  jll ];i~LllC  6.

1 ‘igLlrc 6 contains three. histograms, onc for each of the position diffcrcncc components. ‘1’hc
lllC(~i:ill  val Llcs ill the abOVC distribLltions  arc. ].~ m for the raditil component, 3.6 for the
elms track, ancl 4.7 m for the a]o]]g track, ‘1’hLIs, half of the satc]]itcs and days OVCL’  the -4-
month period had a daily rms agrccmcnt bctwccn the navigation message and the. prccisc
solution  of less than 1.3 m in the. radial component.

‘]’hC  1’CfCl’CllCC  fl’alllC ]’]’l<~;!)]  LISCd  fol” lhc ]>l”CCi SC S()]LltiOll  S [ii ffC1’S  flC)lll  W~iS84,  LISC(]  b y
the broadcast cphcmcris. ‘lo lest how IIluch this ]’cfcrcllcc-fl’:  illlc diffcrcncc  contribLl(cs to
tllc(~l>sclvc(l(l  if fclcllccjtlc  j~llc]llc]i(lcs,c()  ]lsi(lcrtl]c7-]  >:lr:llllctcr(]  :iIlsf[)r[ll;i(i()]l  dcf]ncdby



x’=(l+P.)x+l+  @x,

where t is a translation vector, f. a sca]c fiidor, and

( o -0, OY

@= 0, () -o x

- Oy ox () )
is a rotation matrix. ‘1’hc calcu]:itions  which rcsu]tcd  in l;igLm 6 were rcpcatd,  bLll Mel]
day a tl;lllsfol”l]l:itioll was dpplied to all coordina[cs  in the bro:idcast mes sage .  ‘i’hc
p:iramctcrs  were.chosen tcJ]~~i[lil~~i~,cx},Cl  [A,,C,a] WlICrCA},C,= X,,C, - x’},Ctis tl~c(liffcrc.llcc.:it
tilnc t bctwccn the prccisc orbit  (Xl)c,) and the trallsformc(l  b roadcas t  o rb i t  (X’I,C()  forprII  p

:In(i Gr[csian component c.

‘1’hc median vducs of the daily  rms ctiffcrcnccs  in the radial, cross track, and along-track
COmponcn(s  al”c  l“cdllcc.(i  to 1.2 1 1 1 , 3.2 m, and 4.5 m, rcspcctivc]y,  from the val LIcs
collcs]>oll(lit~g”  to ];i~lll”C  6 . ‘1’hc va]ucs oflllctratlsfoljllatic)ll  pnr:imc[crs atcgivcn  in ‘1’ab]c
2, and l(igLwc  7 shows the daily val LM of the. scale fdctor.

‘1’aldc 2 l’:Iralnclcrs  in IIN II:lllslc)ljll:llio]l  fm]n Illc W(; S 84 IC1’CICIICC t’rdmc 10
lhc IIllcml:iliollal  ‘1’crlcstrial  Rclc IcIIcc l;I:ImC,  ‘1’hc quan[ilics  [Ire tmscd on 120
daily  II:lllsfo]tll:llio])s”  of Il:il’ig:itiot)-tllcss:igc  (wbits into  lhc ptccisc  orbits. (’1’hc
uncer[aintics  in the avct”ag,c  vnl Llcs :lrc tmcd on observed daily fluctuations,
shown in the lhid colulnt],  divided by d 1 20.) ‘1’hc IIK)S( signific:mt  p: Ir:IIIICtCIS
arc the – 12.7x 1 () g scale fw(or ntld (Iw - 125.5-nrad  rotnti(m  around the y-axis.

pwmm!cl

Ix (m)

1, (cm)

[, (cm)

F (ppb)

ox (I)la(l)
Oy (Ill-ad)
0/ (m(l)

~\vcl ilg~

-4.052.3
6.321.8

-4.623.3
-12.7 :!0.2,

-7.9fl 3.2
-6.823.3

125.5~4.3

s@IK~iaId ~leviation

24.7
19.6
30.3

2.’2
34.9
35.9
47.2

‘1’here arc two known effects which would  contribute to the scale factor paramclcr  F., ‘1’hc
first is that the precise orbils rc.fcr to the space.craft ccnlcr of mass while the bmaclcast refer
to the. spacecraft aIltcI~IIaphasc  center. Because thcscpoints  are scpara[d  by 0.9519 meter,
most]y in lhcmiia]  direction, one  COLIICI  expect a contribution  of about ().9519/(26.55 x 100)
z +35.9  ppb (o c in the t>l(Jaclcas~-to-I>lccisc  II:lt]sfoljll:iti[)ll.

Second,  [hcbroadcas[  orbi(s L]SC the wCiS84  gravi[y  fic]d, with GM = 3.986005X”  ]05 kms
SCC-2,  compared with the .lGM2 va]LIc (Ncrcm  cl al. ) of 3.986004415 x 105 kms see-a LIscd in
the prccisc solutions. ]?iccausc  the radius  varies wi[h (GM) 11~, wc would  expect  a contribution
to c. of

1 3.986005- 3.986004415

- (j“ 3.986004415 )
= -48.9 ppb.



(’I’llcl:ilgcrv:  illlcOf WGS84 wouldput  lhcs:ilcllitcoul  fur(hcr, lc(lLljliI)g:i  l~cg;itivcv;illle
of F to bring  jl jn{o  agrccmcnl wjlh [hc prccjsc,. ) ‘J’hc sum of these cxpccttltions, - 13.1 ppb,
is rcmdab]y CIOSC to the va]uc of -12,7  ppb 111 ‘1’able 2.

‘J’hc diffcrcnccs  bctwcm  lhc prc.cisc and Iwoddcast  orbits arc signjfican[]y larger [ban lhc
wcuracjc,s  Of the prccisc  sOluti  Ons, a s  cstjmatd  in t h e  prcvi Ous sccti On. “J’his is 110(
surprising, as the broadcas[ sol Ll[ions  at c by ncccssjl y the rcsLIlt  of an cxt rapolation  in tjmc
frol]~ hOLlrs-old  d:ila. ‘1’hc prccisc sOlutiwls, on the other hand, dO not have such a real-time
cons(rajlll.

1[ should  Nlso bc nlci)tjoncd  that the intcntiona]  dcgradatjon of broadcast cphcmcris quality,
mc spcclllatc(i  aspect of SCICCIVC Availability, has I-IOt been observed.

2.4 Comparison.of  Precise Clocks with Broadcast Clocks

Shown ill l;igure  8 arc. the the clock comxtions  for prn13 on 1993 Octobcr 7, as clctcrmjncd
by J]’] .’s prccisc so]utioll  (so]id sqLIarcs) and that fj”om the navigation  mcssztgc (opt.Jl Circle.s).
‘J’hc jntcrva]  bctwccn ]mints is 30 minutes. (1’oinls  whmc  estimated unccrlajnly  - “fOrmal
Cl’J’OI’’” - CXCCC(iS  ] () 1)S jll thC ]ll”CCjSC  SO]lltiOJl  al”C/  JlOt COIISi(iC.lCd.)  ‘]’hC (ljffC1’CJICC  bCt W(3CI1
Ihc navigation mcss:tgc :ind the. pmcisc. solution  is shown in l;jgurc  9 ,  w h e r e  t h e
discon[jnuitjcs jtl the former arc clcaJly  evident.

G1’S S:itc]]itcs  on this d:ty  CaJI  bc gJ’mIpcd jnto two c]asscs  depending on the vaJ’jatioJl  ovcI’
the day iJ~ tbc diffcrcjlcc  bet wccn the precise. and broadcas[  clocks. l~igurc.s 9 and 1() contain
satc]lilcs  jn the group fOr whjch this sc.attcr js of the order of 1() nscc. [)f the five satcl]itcs
in this group,  three aJc B]ock 1 (pm’s 3, 12, :IJld 13) aJl(t two arc lllOck 11 (pjJI’s 15 :iJId 20).
Note that tbc time. scric.s in l~igurcs  9 and 1() :irc rcasonab]y  smoolh  with time.

‘)’hc sccoJl(l  c]ms coJlsists of satc]]itcs  fol wh ich  I]IC diffcrcncc is mLIClI  nois ier .  All satc]lile.s
it) thi S ~lVLl]> :lrC ]~]OCk ] ] ,  [lJld  :IJ”C  ShOWJl  iJl  ];l~L1l’C ] ] :(S [i fUJICtiOll  O f  tiJW,  tO~CthC~  W i t h

the histogram that indicalcs the distribution Of the diffc.rcnccs.  ‘J’hc stan(iard deviation of the
distribution js :(bout 80 IIS.

‘1’hc clock  dilhcring ccJmpoIIcIIt  o f  Sclcdivc Avajlabiljty  is clcar]y  cvi(lcnt in I b i s  sc.cond
class, aII(l absent fmm the first class. N@c that lhc bi:tscs of the distrjbutiOns  in ]iigurc.s  9- 11
arc :111 about  -120 nscc, :lJld thl]s l“cprcscnt  a CO II St:lllt diffcrc.ncc.  bc.twccn G1’s ICfc.rc.ncc time
:11)(1 that of the pJ”ccisc sollltio  J1. ‘1’his Coll]d 1X c.ntirc.ly (lUC to the maser-based l’CfCI”CJICC
clock USC(1  for’ the l:ittc.r.

Silnilar a n a l y s e s  o f  Gl)S clocks  WCJ”C ]n:tdc  foJ’ al] s:ilc]]i(cs :ind ci:iys fl”om 1993  .lLI] 04
[hl’oll~h  ] 993  [)C[ 2 2 .  l;O1’ C:{ C]) (t;iy  aJld Sa[C]]itC, [iJly ]illC:lr trCJld ill thC diffCrCllCC  bC.tWCCll
thC ]WCCiSC SO] Llti  OJl atl(i thC bJ”Oa(lCaSt  CIOCk OVCr thC. day WaS l’ClllOVC(i.  ‘]’]lC  :iVC1’:i~C

(ii flcrcncc in drift bctwccn  the prccjsc  rcfc.rc.ncc.  time. ziil(l tbc GI>S  IcfcIcJIcc  time is - 20-! 1
11s/(1:1 y. ‘1’his diffcrcJK.c  C:in bc SCCJ1, fm’ C. X2{{11])]C,  iJl  the plots of 1 ~igurc 10.

‘1’hc s[~indard (icvj:ilioJl  ovcJ”  the dtiy  of the dc-trended diffcrcncc has also  been c:i]cu]; itc.d.
‘1’lIc (listribLltion of daily standard deviations is shown  in I:jgurc  12. Note. the. logarithmic
SC:{](”  011 1>0[11 axes. “1’hc mc(lian  of the JOwcr  dlstributiOn  is ‘4.5 JISC.C, which 1’C]31CSCllt  S thC
ncc IIr:icy of Ihc broac]cast  clock coIi’cctioII  for satellites not affcctd by clock dithcri J]g. ‘1’hc
Jllcdj:in  of the upper distribution js 79.9 JISCC. ‘llius clock dittwriJlg csscnti:illy limits lIIC
accuracy of the broadcast ccmcction to this ICVCI.



2.5 S u m m a r y

‘1’ab]c 3 compares tbcsc ImLIlts with a prediction (Russcl] and Schaibly, 1 980) of how well
tbc (il’S <kntro] Segment wou](i bc able 10 prc~iict  clock corrcc(ions and G1’S cpbcmcricics.
‘1’hc prc(iiclion is Icasonab]y  ccmsistcnt  with (be comparisons between tbc navigation message
an[i tbc Jl)l. prc.cisc solution, as ciiscuwxi  in this smtion.

onc can cast tbcsc  pc]fornmnccs into a user- cquivzilcnt rang,c error 0,, (Ilcrns(cin):

wbcrcf plt is tbc correlation coefficient bctwcc.n tbc ra(ii:il an(i clock errors, c is tbc spcc(i of
lig,ilt,  aId k = 0.0192. Shown in ‘1’ab]c 4 are tbc contributions to 0,,, assuming that p,, = (),31.

‘J’al)]c  3 (;1’S Con(Iol Seg,met)t 1’CIIOIIII:II)CC,  l’lcdic[cd  and {)l>scrvcd

p;irmctcl’ pmliclion ohm \!c(l

dial (0,-) 0.8111 1.2111

cross track (CTk) 3.() 111 3.2 Ill

along, [Hick (Q,) 6.3111 4.5111

clock (110 SA) (O. 7.7 llSCC 4.5 l)SCC
clock (w/SA) “/9.9 nscc

When SA clock  (iitbcring  is not in effect, tbc. contributions to o,, from tbc cpbcmcris an(i
clock  errors alc comparable, witil a rcsu]t of crLl = 2 m. ‘1’i~c n~ore  USLIH1 c i rcumstance ,
bowcver, bas clock (iiti)cring in effect, ill wbicb C21SC.  tbc [>y-fitl-(ic)]lliil:itlt  contribution to cYLl
is from tbc M)-nscc noise in tbc broadcast clock,  rcsultin,g in o,, = 24 m.

o ~,
0, c 0, 4(2 0, c 0,)  41HOX2  +0,,2)1 p,, =-1 p,, =o p,,=+]

no SA 1.2 1.3 1.8 0.s ().x 2.() 2.7

wi(l~ SA I .2 24.() 7.6 0.8 22.8 24.0 25.2
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l~igure 1 (ilt)l)al distribution of (il’S tr:lckillp,  wccivcrs,  ];all 1993. in addilion  to dense
covcragc  in Norlh Amctica and lhropc, (here is also IMSOII:I1)IC cowagc clsewhm,
including 8 sites in the S(NIIIWIII lmtnisphcrc.
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l~igurc 2 ])iffcrcncc  n e a r  (hc midllig,ht  boundaly  bctwccn  .1I’1 ,’s prwisc
solulions  of 1993 Oc(obcr  6 and oclobcr  7. ‘1’hc rlns difJcrcnccs  arc 0.12 Ill,
().22 In, and 0.25 In in the dial, cross-track, and alotlg-trwk CX)IIIpOIICIIIS.



1.0 I 1 1

0.8

0.6

0.4

1o.? .,

0,0  ‘ ““>.> .,’;+ -y ’.,..:I., .’.’ \:’ ‘“ ‘“

-0.2
. .

-0.6 [ I I I
o 4 8 12

I I

cross track
radial
along track

I I i
16 20 24

t (hr, 1993 Ott 07)

1~’igurc 3 [k)mp:lrison  01 the pmcisc  solution  fIOIIl .lI)l , with that from the
C[)l)li (LJnivcrxi(y  of IIcrmc), i’w pIII 12011 1993 Oc( 7. ‘1’hc III}S values  over
the day (which include both the bias and tllc  variation)  art ().()7 m for the radittl
COmp(knt, 0.05 111  101” the Cl”oss tl”ack.,  al)d ().()9 Ill 101’  the :Il(mg  track.  “1’IIC
a~,m:ll~cnl  bctwccn  .1 I’1. and (’01)11  for this satellite and day is so]llcw]]al  bct(ct
llwn typical. IIowcvcl”,  for otllcr  salcllitcs  and days lhc :ig,iccnlclll  is, will] Icw
cxccptions,  al least as :,(xd as a fcw lctls of ccnlimclcrs.
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t (hr, 1993 Ott 07)

Ngurc  4 “1’hc dil~croncc in the clock solution for pm 13 l’t)III the 1993 oct 06
solution  and Ihc 1993 oct 07 soluliml.  ‘1’hc Ims value over the 6-hou I ovcIll Ip
is ().22 nscc (01 which  a poltion  is duc to a (). 1 8-HSCC bias).
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]~ig,~ly~~  (:()] ))j):ilis()l)  [)ftl]~~j():((l~  :ls(c,])llcl]lc,tis\  \i[t]J])  ],'s])r ccises()]L]Ii()t),

101”  1)1’1) 12 01) 1993 OCI 0-/’. ‘1’11(’  1111s  Valllcsovcl’tllc da)’ al”co.  s(i Ill 10 I”IIIC
radi;tl  cotllpot)cal,  1.67 In for (he cross II~tck,  at~d 2.67 t]; lwthc  along track.
“1’llclct(ic:llsc:llcis Iox(hal  ofl;i:,L}lc~s2:li)(13.
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l~igurc  6 Compalisoa  of the broadcast  cphclncris  with precise orbit:il
solutions l(NIhc period 1993 .Iu1 (M thrtmgh 1993 Oc( 22. An “cvcmt” in onc of
the three histogram corIcspoIlds  to a sil]glc  satellite 011  a single day (as in
l;igurc 5). I;(N the given satcllilc and day, (he IIIIS difl’crcncc  over the d a y
helwcen  the lmM&’:Isl  cphclmris  and [he precise soluti(m is umlpatcd,  for  each
oithc II} ICC componmts.  ‘l’he ]ncdian  valaes in the ahovc distrihu(ions  are 1.3 In
li)](l~cl:lcli:llco ll]j]ollct~t,3. (~jol tllcct()ss  []:lck,: lt1(14.71  ]lf()r( l]c:ll()tlgtl:icL.
11 :i(i:iily 7-]>:lt:llllctcltl:ltlsf ()lfll:lli()tlis:l  J)}]lic(lt():  tliglltllcl  l:i\'ig:llic)lltlles  s:lgc
Icfclcllcc flame  with tha{ of the prccisc solali(m,  (IIC medians arc ]nal-ginally
l“cdllccd 10 1.2 In, 3.2 l]), and 4.5 Ill.
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Nigurc 7 ‘1’lw scale I’aclol  in Il)r Iiansf{)l Inalion  floln  the W(; S 84 rc-1’clctlcc
fralnc 10 lhc ln[crnalional  ‘1’err~’sttiat  l<elercncc  IFratnr,  ‘1’he averiigc  v a l u e  is
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IJigtlre 8 ‘1’hc clock corrcc(iotl  f(w pm 13 t>rfmicas( in [he n:ivigation  message
( o p e n  cilclcs) and dcicnnincd  ill .l}’I ,’s pwcisc  soluti(m  (solid SqUaI-CS).  ‘1’hc
prccisc  solulion uses a maser based [il’S rcccivcr  as its wlcrcncc. ‘1’hc  solid
squares dcscrit]c a slope  of’ atxmt  250 I)s/day.



boradcast  – mecise. pm 13 (wsec)
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l~igurc 10 ‘1’bcdil{crcncc in ~bcbrcmiciist  atld  prcciseclfjck  cortcctions,  A ,
fol”21110c!.-l”  sJ):lcccl”illt  (J)l’lls3:il)(l  12)zll)(l lwoll lock-11”  Sl):lcecl”:lfl  (])l’l)s  15
:lnd  20).  ];ll]] sca]c ON  cacb  ploI is 100  ns. ‘J’tlc bim ota[xnil  - 1 2 0  1]s  in a]] of
(bcsc  (M WCII  a s  tbal f’ol prtI13  in l;igurc  9) rcptcscnts  :1 cot]stnn(  ciiif’crctlcc
bclwt’cn  GI’S rcf’ctcncc lilm’ :ltId Itltil  of [bc prccisc  soluli{m.
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liig~rrc 11 The effects  of clock dithc~-ing in Sclcctivc  Availability arc shown here, which
includes all satellites not shown in }~igulcs 9 or 10. ‘J’hc  distribution of A (right) has a
stanctal-d  deviation of about 80 IIS and a mean of aboot -120 ns. (The mean is about the
same as those in in Jiigum  9 and 10.)
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l’igurc  12 Comparison of broadcast clock solution wi[h pI-ecise so]ut  ion, for
each day and satellite dul-ing the pc.riod 1993 Jul 04 through 1993 Ott 22. The
bilnodal  distribution arises from the cffcc[s  of clock dithering as part of
Sclcctivc Availability. (J’hclc  arc also a handful of satclli[cs  and days when
there. was rather poor agrccmcnt  bet wccn the precise solution and the. broadcast
clock.) ‘J’hc  median value of the lower distl-ibution  (clock dithering presunlab]y
not in effect, rms dc-trended difference ovc.r the day between pI-ecise  solution
and bl-oadcast  clock ICSS than 25 ns) is 4.5 nscc. 3M median value of the upper
distribution is 79.9 me.c.


